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Abstract
Despite the great technological advancements and discoveries that have been made
throughout the last century, 1.2 billion people still live without access to electricity, 95%
of which live in Sub-Saharan Africa and developing Asia.1 In this paper, we discuss how
we designed and implemented a self-sustaining, affordable and highly replicable solar
microgrid in order to accelerate the electrification of rural communities in the most
environmentally conscious way possible. Our project focused on developing a microgrid
for a small community of 10 households in rural Benin that previously had no access to
electricity. We travelled to this village in December of 2015 and successfully installed
our design. Direct current (DC) was used to transmit power and the microgrid consists of
a central power station containing a photovoltaic array, batteries and a charge controller
to power light bulbs and cell phone chargers for the villagers. Our hope is that the
installed microgrid will serve as a template for the electrification of nearby communities.
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Project Background Information
Project History
In order to chose the first target community for our microgrid, we were put in contact
with Constant Bossou, S.J., a Jesuit priest and SCU graduate student, who has long been
interested in the electrification of his country Benin, where approximately 60% of the
population is still without access to electricity.2 This meant we had contact with the Jesuit
community there, along with a group of Missionary Brothers in close proximity to the
village of Alafiarou, located about 10 km East of Parakou in the South of the country. In
December of 2015, we traveled to Alafiarou and successfully installed our solar
microgrid.

Demonstrated Need
Access to electricity is crucial to modern life since it is essential for basic needs such as
lighting, refrigerating, communicating and running other home appliances. More than 1.2
billion people across the world live without access to electricity, and another billion have
unreliable access to it. In Benin, about 6.5 million people (60% of the total population)
are without electricity. While the rest of the world is well aware of the lack of electricity
in many areas, none of the UN’s Millennium Development Goals address it directly.
However, the UN Advisory Group on Energy and Climate Change wishes to ensure
universal access to modern energy services by 2030, and indicates that this is key to
accomplishing the Millennium Development Goals, as this will improve health standards
and help reduce carbon emissions.3
Lighting is the most important consequence of access to electricity and fortunately, it
requires very little electric power. It allows people to continue to be productive
throughout the night and allows women and children to travel safely at night. The
importance of lighting for education is obvious as children can continue to study or read
2
3

"Access to Electricity (% of Population)." The World Bank.
Energy for a Sustainable Future - Summary Report and Recommendations. N.p.: Open UP, 2010.
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in the evenings. Currently, low-income households in developing countries use candles or
kerosene lamps to provide lighting. These methods of lighting are highly inefficient and
often put families at risk of carbon monoxide poisoning. For these reasons, access to
electricity is one of the most important factors when determining a country’s energy
poverty status.
Access to reliable electricity is crucial for the economical development of a community.
Lighting allows people to continue to be productive during dark hours of the day. It is
common practice for women and children to spend a lot of time gathering wood or
kerosene for nighttime lighting, using time that could be spent studying or working for a
reliable income. Access to electricity will therefore increase school attendance for
children, and enable women to participate in their local community, further developing its
economy.
Because electricity gives a people access to these opportunities, electrification quite
literally 'empowers' a people. More often than not, people that don't have access to
electricity (particularly in rural communities of Africa) are defined by their lack of
opportunities because they don't have access to power. Electrification tells a people that
they are no longer a 'powerless' people, and that they are no longer being ignored.
The project consists of designing a microgrid for a community of 10 households in
Alafiarou, Benin. This village had been promised a connection to the grid for a few years
due to a pressing need for lighting and cell phone charging. Although the inhabitants of
this community were without direct access to electricity, most of them own mobile
phones and had to travel 10km to the city of Parakou in order to charge their cell phones.
They generally leave their mobile phones to charge for a few days in order to reduce the
number of commutes into the city. In addition to inconvenience, this practice leaves
inhabitants of the community without cell phones for several days at a time. The
installation of this microgrid brings reliable lighting to all households in the community
along with USB plug chargers.

8

Requirements
In order to build the best microgrid for Alafiarou, we needed to consider more than
engineering challenges. This project's end consumers are the people of Alafiarou and
other rural communities that can benefit from the empowering capabilities of
electrification. This requirement creates several engineering challenges.
First, the grid must be made entirely from parts that can be replaced or repaired locally.
This way if a part fails (which will inevitably happen) the people of the village can repair
their grid without any intervention from a US team. Further, any one group of people
with enough money can then build the grid on their own, utilizing our design. If we were
to use parts from the US or parts that are not available in Benin, the people would have to
request a team like ours to bring parts to them. This would not be a viable solution.
Moreover, sourcing parts from the local community helps the local economy in that area.
The grid must also be extremely efficient. Increased efficiency allows us to omit parts
that would consume more electricity than needed. For example, were we to use a 24V
system for our design, we would need to purchase buck converters to convert 24V down
to the required 12V for the LED light bulbs and cell phone chargers. These converters use
power in the conversion process, which makes for a more inefficient system. In addition
to costing power, the converters also cost money, making the system less affordable for
the people of Alafiarou. Therefore the more efficient the system, the more affordable and
less complicated it becomes. A design with fewer parts is more desirable because each
part has a chance to fail with time. When a part does fail, the system could fail to deliver
power. It also requires time and money to either repair the part or to buy a new one. A
good design uses only necessary parts because a system with fewer parts reduces the
probability of failure of the grid.
Buying parts locally helps make the microgrid sustainable. The government of Benin
plans to connect Alafiarou and neighboring villages in ten years. Whether this promise
comes true is very questionable, so ideally our grid should last at least ten years. The
9

probability that every part in our microgrid lasts at least ten years is unlikely, so we need
a plan to replace or repair parts. Obtaining all of our parts locally enables the people to
simply replace the parts if they need to, making the grid sustainable on its own.
In addition, there are several social and ethical considerations we had to make when
designing this grid. How much will the people pay for their electricity? How will they
pay for it? Who will be the first hundred or so people, among the many hundreds of
people of Alafiarou, to get power? What are the primary concerns of the people, and how
will we address them? Many of these questions could not be answered until we traveled
to Benin and met with the people to address their concerns. Fr. Bossou was our primary
cultural consultant since he grew up in Benin and therefore, is familiar with many aspects
of its culture. We would often bring our design to him to see if it was appropriate for the
culture of Benin.
After we turned on the power to Alafiarou on December 20th, 2015, we needed to take
what we learned from our trip to Benin and use our new knowledge of the culture to
further improve upon our design. We quickly learned that payments are not done as we
are used to, with a billing system. Since we turned on the power, each family that has
power must pay 500CFA (Central African Franc) per light bulb they have per month.
Bills are paid for in a “pay-as-you-go” fashion, meaning that there is a base price for an
amount of service or utility and customers must buy as many units as they plan to
consume. For example, to buy cell phone minutes, people have to buy scratcher cards that
contain a code set by the cell phone companies. The customers scratch off the code and
enter it into their phone at which point they receive a certain number of minutes. In
keeping with the theme of designing a grid for the people we asked ourselves how we
could implement our newly installed grid pay-as-you-go style instead of month-to-month
payments. This pay-as-you-go system would have to be easy to install, cheap, safe, and
effective, just like our design requirements for the microgrid. For more information on
our payment system, please refer to the “Final Design” section on page 26.
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Project Objectives
The priority was to give this community access to lighting and cell phone charging. The
system was designed in a way to allow further expansion through the addition of solar
panels and batteries. This will allow electrification to expand to the rest of the village.
Neighboring villages will be able to use the same design, further accelerating the
electrification of the country. Our design had to be secure against theft, and required a
payment system and a “specialist” who needed to be trained to understand the specifics of
the microgrid and be responsible for its maintenance. The installation of the microgrid
occurred in December 2015, and the installation of the pay-as-you-go system will happen
in the summer of 2016.

Specifications, Constraints and Implementation
Some of the largest challenges we face as an engineering design team are influenced by
the social, economic, and cultural implications of electrifying a remote village in Benin,
Africa. A large amount of our research focused on discussing our design with contacts in
Cotonou, Benin, and modifying our design based on our observations from our
assessment trip in December 2015. Our main partner in Benin is the “Centre de
Recherche d'Etudes et de Créativité” (CREC). Our partners in Alafiarou are “Frères
Missionnaires des Campagnes.”
Over the course of the first phase of our Senior Design Project, we researched the
following topics:
● Energy source
● DC versus AC transmission
● Automatic payment system
● Energy storage and life expectancy of the system
● Microgrid optimization
● Obtaining materials
● Equipment location
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Energy Source
The rural communities that lack electricity often have a common advantage: high solar
insolation. Benin is no exception to this with a solar insolation that averages at around
6kWh/m2/day. For this reason, we strongly believe that solar power is the right source of
energy for this application. Additionally, since the country is located near the equator, the
shortest day is only 45 minutes shorter than then the longest. The community is located
about 10km North East of Parakou where the climate is semi-arid.

DC vs. AC Transmission
Our microgrid provides power to the homes of ten families to provide them with light and
mobile phone charging, using USB ports. One of the topics we researched when
designing the system was whether to use AC or DC transmission. The DC system allows
us to directly run power from our battery bank to the houses without having to go through
an inverter, transform it or rectify it. This helps reduce the cost and power consumption
of our system.
However, there were also incentives for building the system with AC. An AC system
would open up the possibility of adding general receptacles to each house so that they can
plug in a TV or something of similar wattage, just as we have grown accustomed to. The
wire that would run from house to house could be thinner, which reduces wiring costs as
well. However, each TV would require about 300 watts to run. Per household, this adds
another 3,000 watts to our system, which is possible, but depends on how much power
the villagers can afford to purchase.
The biggest advantage of using AC transmission is that it results in lower losses over
long distances. Additionally, AC transmission would enable the villagers to use any
device with a traditional plug. However, in our system, the electricity will be generated
locally with photovoltaic cells, which produce DC electricity. Not only does this mean it
would require a power inverter, which are costly and generate losses, but the calculated
losses in DC transmission are minor (~1-2V). Moreover, after talking to the villagers, it
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seemed that they would not be able to afford to pay for the cost of powering larger loads,
and therefore the loads (LED light bulbs and cell phone chargers) are entirely DC,
removing the need for AC-to-DC conversion. Additionally, photovoltaics output DC
electricity and therefore, if we had designed an AC system, we would have needed to
include a power inverter, which are costly and cause power losses.
Our research has shown that it made the most sense to install a DC system. After
speaking to the priests and villagers in the community, we realized that the villagers
would only be able to afford to pay for the amount of electricity required for lighting and
cell phone charging. Therefore, while a DC system limits the range of loads that they will
be able to use, it would be a waste of time and money to install a more complicated AC
system if they can only use parts of it.

Automatic Payment System
The second phase of our senior design project was to design an automatic payment
system. When we installed the system in December, we picked a person to be responsible
for the smooth operation of the system. One of his jobs is to collect money from the
people that benefit from the system. The end goal is to manage payments automatically,
and have people purchase pay-as- you-go codes and pay for their electricity in the same
way that they pay their cell phone plans.
Now that the microgrid is running, the locals pay their electric bills to keep the electricity
flowing. This presented two challenges for us. Due to the low level of development in the
village, payments by credit cards or bank transfers are not possible. This complicates the
payment process since the locals will likely be paying their bills in cash.
In addition to the engineering challenge of paying with cash, there are a number of
societal concerns we must be aware of. Storing all of the cash in a single location goes
against the town’s best interest and poses security concerns. In addition, having
somebody man the system and manually tell the microcontroller who has paid opens the
possibility for corruption, among other concerns.
13

Energy Storage and Life Expectancy of the System
It is important that our system remains functional at night or when the sun is not shining
on the panels. For these reasons, our system includes a battery bank of lead acid batteries
capable of supplying energy for the 10 houses for about 10 hours at full load, before
running out of energy. These batteries are low cost, low maintenance and have a
relatively long life expectancy.
We decided it would be important for our system to last at least 5 years, as this is the life
expectancy of the lead acid batteries we will be using in our system. Lead acid batteries
are fairly common in Benin, making it possible and simple to replace when they become
no longer usable.

Microgrid Optimization
In its simplest form, the microgrid consists of four elements. The solar panels generate
electricity that ultimately powers each house and recharges the battery bank to provide
power at night and during times of low solar irradiance. The battery bank holds enough
electricity to power all ten houses for 10 hours at full load should the solar panels
generate very little power for an extended period of time due to bad weather. There is a
charge controller that manages the process of charging the battery bank. Finally, there is a
microcontroller and relay circuit that handles the payments and serve as a metering center
for each house. Ultimately, the microcontroller decides to send or not send power to a
house. Once the microcontroller has decided to send electricity to a house by our
software, power will run along wires that span between the target house and central
location that protects the panels, batteries, and other electronics. Each house has two to
three high efficiency LED lights that will last at least 10 years, and cell phone chargers.

Obtaining Materials
A lot of the technology available in the U.S. is not available in Benin. However, buying
all of our materials here and shipping them to Benin is not possible because of extremely
high costs and the increased chances of something going wrong. Moreover, the batteries
14

require special chemical labeling and packaging procedures. Combined with shipping
costs, delivering our microgrid to the village is simply infeasible. Therefore we had to
find all of our supplies in Benin, with the exception of our microcontroller and relay
circuits. After talking to various people in Benin, we decided this would not be an issue.
The solar panel array is 800W. Since this will be a 12V system, we decided that the
Morningstar TriStar TS-60 charge controller would be the most appropriate for our
system and decided to buy it in the U.S. since we were uncertain on its availability in
Benin. The batteries and solar panels were purchased in Benin along with all the wires,
conduit and loads (light bulbs and cell phone chargers). The light bulbs are 12V, 6W high
efficiency LED bulbs. The batteries chosen are sealed lead acid batteries.
Another important reason to buy as many of the parts for the system in Benin as possible
is to facilitate the expansion of the system to neighboring communities, further
accelerating the electrification of Benin.

Equipment Location
Originally, we planned to have each family support their own solar panels and smaller
battery banks to cut transmission line losses and save money. However, we thought of the
possibility that the panels and batteries could be removed and sold by the family once
they no longer want to pay for electricity. To prevent this from happening, we decided to
place all of our components of our system in a single, enclosed location and deliver
power at a nominal voltage to each house by running separate wires.
We hoped for a centralized area right next to the houses so that less transmission wire
was necessary. Additionally, the panels needed to face south to increase the energy yield.
An enclosed space was also required in order to store the batteries, charge controller, and
other equipment necessary to the proper functioning of the system. Upon arrival, we
found an ideal rooftop along with an enclosed space next to it where we built a fourth
wall and a steel, locking door to ensure that the electronics would be protected against
theft.
15

Ethics
The first stage of our project was challenging in the sense that we needed to design the
system without knowing the details of the local culture. We could have designed an
advanced grid based on existing grids in developed nations such as the United States.
This would have essentially given them unlimited access to electricity, enabling them to
use lighting and traditional plugs for any appliances. While this was an ideal scenario, we
quickly realized the importance of an economic return. Having the community pay for
their electricity is important in order to avoid them getting used to receiving free services.
It is also important as it avoids jealousy from neighboring communities. If we designed
such a grid, the cost of materials would have been very high as more advanced
technologies would be required. Although we did not know how much these villagers
would be able to afford, we knew through various contacts that this solution would not be
feasible.
Even with the numerous hours we spent developing our ethical and safety considerations
for our project, nothing could prepare us for the challenges we faced once we found
ourselves in Alafiarou. Truly, even though we designed several other grids in case we
encountered anything unexpected, much of our engineering and ethical ability was tested
after we arrived. To best understand the issues we were not yet prepared for, we met with
the village patriarchs of every family to hear their primary concerns and to address them.
After all, the microgrid was going to be their property, even though we felt that it was in
some sense our own.
The first order of business that had to be addressed was who received access to
electricity. Alafiarou, although it is a small village, is home to hundreds of people. Before
our arrival we requested that the villagers choose the families that would be connected to
the microgrid. To our initial dismay, nobody had been nominated upon our arrival.
However, our western cultural background could not have anticipated their reasoning.
They had not chosen the families yet because they were concerned that it would divide
the relationships of the townspeople. On the other hand, it would be a better ethical
16

decision if a source external to their community, such as our team from Santa Clara,
made the decision for them, so that there is no prejudice against any single family.
Secondly, they did not want to impinge on our design because they viewed us as experts.
Should they make a decision, how would they know if they have inadvertently
complicated our design? Their wish was to let us choose in order to make a decision
without prejudice that supported the design of the system.
Another topic of concern they expressed to us was the cost of the electricity. An
important feature of the project is its ability to sustain itself and grow. The question our
team needed to answer was how much these families can afford to pay in order to meet
their interests and simultaneously maintain and expand the system over time. As
engineers, we were not capable of determining this figure without the people’s
intervention. We determined during one of the meetings with the patriarchs that 500CFA
per light bulb per month was an appropriate number to ask of each of the families.
In addition to the political and economical issues that arose during our time in Alafiarou,
one that was definitely not considered previously was gender inequality. We immediately
noticed how women were doing most of the physical labor around the village, while the
men were sitting around all day. The women of the village also did not have a say in any
decisions made. As we were finishing up the installation, it was brought to our attention
that a woman wanted a light bulb in a certain location but the men had not allowed her to
express this desire. As it turned out, she was not the only one in this position since we
quickly realized this was the case for many other women. This was a particularly
frustrating realization since we were getting close to finishing installation and were short
on time. Even once this issue was brought to our attention, the men tried to steer us away
from it. We insisted on hearing from the women and finally did (this was particularly
tough due to the language barrier). We were able to make some design changes to satisfy
the needs of some of the women but due to the time limit we were under, many were left
with their wishes unmet. Ideally, we would have thought of this issue earlier and
mentioned it at one of the meetings with the town representatives, and insisted to hear
from everyone in order to ensure that everyone’s needs would be met. This issue was an
17

especially complicated one since gender roles in the community are clearly defined and,
as outsiders, we are not in a position to change this.
It was not enough to approach a project with a single ethical consideration in mind.
Throughout the beginning of the project, most of our initial concerns were rooted in the
principle of utility. The mission focused on the happiness of the people of Alafiarou as a
means to an end. That is to say, the project aimed to make the people of Benin as happy
as possible, and all design decisions were entirely influenced by utilitarian thinking. For
example, our designs were not influenced by the character or morality of the people of
Alafiarou. We did not bias the system in any way towards any one family over another.
In fact, we sought to learn the collective needs of the people as soon as we arrived in
Benin. Underneath a large mango tree, we met with the village patriarchs to hear the
collective needs of their people. From what they had to say, we worked hard to determine
how we would equally distribute electricity without prejudice. This meant that our system
needed to serve all people of Alafiarou, no matter their religion, sex, or economic status.
Our effort to listen to the people and address their concerns matched our efforts to create
a well-engineered system. For this reason, we picked a location that gave two families
access to electricity, one of them Muslim, the other Christian.
However, the principle of utility would justify a system that places power with a select
few should it result in the best balance of pain and pleasure. No matter how much
involvement we had in the project, we cannot and would not claim the microgrid as ours.
Nor did we lock the system down so that only our team could access or modify the
system. A pure utilitarianist would have kept the system out of the hands of the people of
Alafiarou as a means to prevent the system from harm and further maintain the happiness
of the people. The system is sustained, grown, and watched over by the people of
Alafiarou and not us. The people have the freedom to do whatever they want with their
grid regardless of our mission. In fact, we mandated that they help us build their
microgrid so that they would recognize the project as their own work. For these reasons,
our approach was a utilitarian one in the sense that we attempted to produce the greatest
balance of good over harm.
18

Figure 1: Trenches dug by the villagers of Alafiarou

Our work also provides justice for the people of Alafiarou. Their government has
promised to connect them to their national grid for over twenty years. Meanwhile, they
walk 10 kilometers just to charge their phones, and risk their safety along dangerous
roads, and quite literally live in the dark. Moreover, Alafiarou is a village of extreme
poverty. Promising the enabling powers of electricity for so long without delivering it to
them had diminished their hopes of ever being recognized as being relevant. This project
brought a measure of justice to their community, and has shown that electrification of
their village is more than possible.
Finally, the value of this project goes beyond Alafiarou. If it is possible to empower this
one village, then it is entirely possible to expand to others. This project does not just
benefit Alafiarou, but proves that any community can be equally empowered should there
19

be a need for it. No longer will electricity be restricted to those who can afford being
connected to the nation’s grid, nor will it be a feature of just those who are privileged
enough to be connected to it. The microgrid proves that any community can benefit and
thrive from electrification.

Civic Engagement
Since we designed a product for the people, there are several external organizations that
could be interested in our project. First of all, any time an electrical engineer has a design
that he or she wants to implement in the US they must be (1) a professional electrical
engineer or work for a PE that can approve a design with a stamp and signature, and (2)
follow the National Electric Code (NEC). In our case we implemented a grid in Benin
that follows the International Electric Code (IEC). However, the IEC is primarily for high
voltage AC systems, unlike our low voltage DC system. To satisfy the IEC we
implemented several design requirements. First, all transmission lines are isolated with
circuit breakers to prevent injury to the system or to anyone who might encounter a
transmission line by accident. Further, we also buried all transmission lines 16 inches
below ground in waterproof conduit. A four foot cold-rolled steel rod was buried and
connected to the grounds of all of our components (solar panels, charge controller, and
other sensitive pieces of equipment) to prevent arcing and reduce the impact of lighting
strikes. Finally all wire sizes were chosen according to their loads and demand factors as
outlined in the IEC and converted to Kcmils from AWG.
But following the IEC was not enough to satisfy the civil engagement of this project.
Therefore, we met with the Municipal Electrical Engineers of Benin in Cotonou to
discuss our designs and their legality, as well as the location and the legal obtainment of
electrical supplies. This way we ensured the legality and safety of our design with a
national organization that could approve our project.
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Health and Safety
As electrical engineers working for the village of Alafiarou, we needed to consider how
to design the microgrid as safely as possible in order protect the villagers from the
electricity the system generates. Moreover, should something anomalous happen to our
system, such as a villager pushing a shovel through a buried transmission line or the
system malfunctioning, we needed to implement independent safety systems to protect
both the villagers and the microgrid. If the grid was a victim of a short circuit without a
path to ground, the short circuit could draw very high current from the batteries, resulting
in large electrical sparks and intense heat, potentially destroying the system upstream
from the fault. However, the greatest risks are of fire or electrocution that could put
villagers in danger. To prevent any injury, we isolated every transmission line with
magnetic induction circuit breakers. This way, if the microgrid encounters its worst case
scenario, a breaker would trip before anybody, or anything, could get hurt. Further, if a
malevolent character tried to either steal electricity or induce a short circuit, the system
would instantaneously detect and resolve the fault created by the character.
We were also inspired by the International Electrical Code to mitigate the potential for
unsafe situations. All transmission lines were buried 18 inches below ground in
waterproof conduit, the major elements of the system were properly grounded with a 3
foot rebar grounding rod, and we corrected the actual electrical load by the demand
factors determined by the National Electric Code. Finally, we hired a trained technician,
Parfait (shown in Figure 2), who is a member of a nearby community, to understand the
wiring of the entire system and how to replace any part that breaks. He is in charge of
maintaining the system, collecting money from the villagers until the completion of the
Pay-As-You-Go system, and overseeing the expansion of the system. To aid him in his
safety, we installed service disconnects to electrically isolate any part of the system so
that it can safely be replaced without risk of electrical shock.
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Figure 2: Picture of Parfait, trained electrician responsible for maintenance

Manufacturability
The successful installation of our microgrid in December is a proof that our design can
indeed be built. One way it could be built more easily would be by having someone there
to build it for us, removing the need for travel and therefore reducing cost. If these
installations were done on a larger scale, this would reduce cost for the end users, as parts
bought in bulk would likely be significantly cheaper.
The same is true for the “pay-as-you-go” system that we designed. The price of this
product could also be reduced through mass production. Before being manufacturable,
however, certain design changes would be required. For instance, we currently have it set
up on a demo board where the components are all exposed. We would need to build a
casing for the unit and we would likely need to develop our own microcontroller to the
specific task required. This would also help keep the cost of the system down.
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Usability
When designing the microgrid, we needed to accommodate for the needs of a different
culture, and therefore, our system needed to be easy to use. We achieved this by
designing a payment system that replicates the “pay-as-you-go” system they are used to
for paying their cell phone bills. Additionally, the installed lights can be turned on and off
using a traditional switch and the cell phone chargers are simple USB connectors.
Only the trained electrician needs to be aware of how the system works, and we made
sure he understood everything before leaving the country. He is also the only one that
needs to know how the “pay-as-you-go” system functions, and we designed it so it would
be very simple to use. There are only three buttons, and each have an indication of what
purpose they serve. Additionally, the words displayed on the LCD screen are in French (a
language commonly spoken in Benin), enabling him to easily comprehend what is going
on.

Environmental Impact
One of the most important considerations when designing our microgrid was its
environmental footprint. Today, most of electricity production comes from fossil fuels4
that release greenhouse gases into the atmosphere. Effects of global climate change are
already noticeable today and, therefore, a transition to sustainable energy for our
electricity production is crucial to the wellbeing of our planet. For this reason, and
because the cost of solar technologies is now competitive with fossil fuel prices, we
decided to use photovoltaics for our electricity production. While photovoltaics do not
release greenhouse gases during the production of electricity, it is important to consider
any emissions from the production of the solar panels. Indeed, the process of making
solar panels can be energy intensive, potentially still having an environmental impact. In
addition to any impact the panels might have during their production, another
consideration is their afterlife. This is true for most of the components in our microgrid.
4

"Breakdown of Electricity Generation by Energy Source." Home Page. N.p., n.d.
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When a part fails or reaches the end of its lifetime, it will be important to recycle them in
order not for them to be dumped in a landfill and damaging the local environment.

Sustainability
In order for the system to sustain itself, we engineered an economic model for the
microgrid. At the end of every month, each family must pay 500CFA (87¢) per light bulb
they own. This money is collected by Parfait, who is an electrician by trade, and works
for a community of Missionary Brothers less than a kilometer from the village. We
worked with Parfait as we built the microgrid so that he would understand how the
system works. In addition, Parfait traveled with us when we went to source our
components in Parakou so that he knows where to buy extra parts. Parfait is paid for his
job upon depositing the collected money at the end of every month into a bank account
managed by the Brothers. Here, the money is pooled so that when enough funds are
raised Parfait can expand the system to more people or replace parts if they happen to
break. Further, the community of brothers is in constant communication with Santa Clara
University through email to update us on the status of the project. Through this method of
economics, the system can sustain itself. This model not only ensures that the system can
sustain itself over time, but it develops the local economy and gives Parfait a job.

Arts
Before we began installing the microgrid we freehand drew the floor plans of all the
buildings of the families of Alafiarou so that we could get a better understanding of how
we were going to install the transmission lines. In this section we took these drawings and
redrew them in AutoCAD. These drawings are to scale and are in fact fully dimensioned.
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Figure 3: Family Alpha Floor Plan

Figure 3 shows the first family we connected to the microgrid, or what we called family
Alpha. The white lines are the walls and doors of the family’s houses. The magenta line
coming from the small room at the top is the main transmission line that splits into house
wires that connect each building to the grid. The red circles are the 5W LED light bulbs
installed in each home. The green rectangles represent the four lead acid batteries that we
installed that make up the 4800Wh battery bank. The blue rectangles are the 4, 200W
solar panels that generate power for the microgrid. They rest in a steel welded frame
above the roof of the building they are superimposed over.
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Figure 4: Family Beta Floor Plan

Figure 4 shows the second family we connected to the microgrid, or what we called
family Beta. Family beta is slightly larger than family Alpha. Again the magenta
transmission line brings power to the LED light bulbs throughout the houses of family
Beta.
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Block Diagrams and Final Design
Final Design
We installed the microgrid in six days during our trip to Benin on December 12th through
the 22nd, 2015. Our team included Constant Bossou S.J., Jacob Leatherberry, Nico
Metais, and James Reites, S.J. In the simplest of terms, the system consists of a method
of generating and distributing energy where the people of Alafiarou need it. Connected to
the batteries are the houses of the villagers in parallel. These connections form a grid that
we refer to as the microgrid. Each house is equipped with several light bulbs and USB
cell phone chargers.
In total, we installed 33 6W light bulbs for 133 people (2 families) and 10 13W cell
phone chargers to charge 20 cell phones at a time. Under full load, meaning if Alafiarou
is charging 20 phones and has all of its light bulbs turned on at the same time, this
amounts to 432 Watts. To give the villagers 10 hours of energy storage (again, 10 hours
under full load) we would need a battery bank of 4320 Watt hours. In fact, the battery
bank installed is 4800Wh (pictured in Figure 5), which is a standby time significantly
more than 10 hours. To charge these batteries form 0% (it is very unlikely that they will
discharge to 0%) to 100% in just 6 hours we installed four, 200W solar panels.
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Figure 5: 4800Wh Battery Bank

The energy generated by the solar panels passes through several disconnects that can
isolate specific parts of the system for safe maintenance or replacement for Parfait. The
solar power is managed by a 60A charge controller (pictured in Figure 6) that charges the
lead acid batteries with a Pulse Width Modulated (PWM) curve that we programmed to
be a function of the battery voltage that is tailored to the batteries’ specific chemistry, in
this case, lead sulfuric acid or PbSO4. PWM is extremely important for managing the
charging behavior for the batteries because without a PWM charging sequence the lead
acid batteries would not last very long.
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Figure 6: Charge Controller and Peripheral Devices

Alafiarou has been receiving lighting and cell phone charging since the system went
online on December 20th. Already, the microgrid has expanded beyond its 33 initial light
bulbs (installed in December) to 50 light bulbs. In fact, Alafiarou is preparing to buy
another microgrid, which will serve another 130 plus group of people in August 2016.

Energy Generation and Storage Block Diagram
Figure 7 shows the block diagram for the system that we installed in December 2015. The
60A charge controller manages the power generated from the four, 200W solar panels.
This energy is either concentrated on charging the batteries, supplying power to the
families, or both. Because the batteries are in parallel with the load, the current travels
wherever there is a greater draw. Each house is equipped with light bulbs and cell phone
chargers. Also present in the below block diagram are various breakers and disconnects
that isolate parts of the system for safe repair or replacement. The breakers also prevent
short circuits, ground faults, or any circumstance of that could cause the system to
overload. These breakers also prevent any individual from potentially siphoning off
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power for a purpose that the grid was not intended to sustain. For example, if someone
wires a 300W TV to the system, the 5A breakers upstream or downstream will trip.

Figure 7: Block Diagram of System Installed in December 2015

Pay-As-You-Go Description and System Block Diagram
Since we installed the grid in December of 2015 we developed a pay-as-you-go system to
implement the grid in a more culturally familiar economic model for the people of
Alafiarou. For example, most people pay for their cell phone bills by units of 500
minutes. When they run out of these 500 minutes, they need to buy another scratcher card
that has a code for another 500 minutes that they input into their phone.
To mimic this model, we needed to first understand how we were going to measure the
power each family used so that we could monitor their use and turn off their power when
they reach a limit, much like how the cell phone companies monitor how many minutes
each family uses. We programmed an Arduino Uno in C to take readings from Hall
Effect sensors (pictured in Figure 8) that measure the induced magnetic field (and
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therefore the current) through the wire they are attached around. These analog readings
are then converted to a digital signal and compared to piece-wise-linear models that
convert the signal into a voltage. The voltage therefore directly corresponds to the current
that is passing through the wire.

Figure 8: Hall Effect sensors that measure the induced magnetic field in a wire which is proportional to the
current

The Arduino takes in this voltage and compares it to a range from 2.4 volts to 5 volts. At
steps of 0.66 volts, the Arduino knows the load’s instantaneous current by finding where
within the range, at steps of 0.66 volts, the measured voltage falls. For example, if the
Arduino measures 2.4 volts, it knows there are 0A going through the wire and at 5V, 30A
is the load. The Arduino measures the amp hours of each family by averaging the
instantaneous current over a particular hour. To do this, the Arduino makes a
measurement of the instantaneous current every minute. It then keeps a running average
until 60 minutes has passed, which is equivalent to 60 measurements, It then stores this
value and understands it to be the number of amp hours the family has used that hour.
The complete system is pictured in Figure 9.
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Figure 9: Complete Pay-As-You-Go System with LCD, Arduino Uno, 20 NC Relays and Hall Effect Sensors

The Arduino keeps a running total of the amp hours each family uses. Once 400 amp
hours, or four weeks worth of electricity has been used, the Arduino flags 20A relays to
open to sever that family from the microgrid, thus shutting down their power. The family
can then call Parfait, pay him, and then Parfait will reset the family’s Amp Hours with a
single button. This button subtracts 400 amp hours from their running total, thus allowing
the relays to open back up and resume electrification of the family. This means that the
family can buy multiples of 4 weeks worth of electricity. If Parfait is paid for three, fourweek units of electricity, he can push the reset button for that family three times, thus
giving the family 1200 amp hours of electricity to use before the respective relays will
open.
The families can see how much electricity they have by observing the included LCD
screen (pictured in Figure 10) that displays the status of the system at all times. This LCD
screen displays the hours since the family has paid for their last bill, the instantaneous
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current they are using, and finally the percent of four-weeks of electricity they have left.
It is important to show this value as a percent so that the villagers can understand how
much electricity they have left just as they can see the percent battery left they have on
their cell phones. When they see their family is at 15% on the LCD screen, they can call
Parfait and pay him to add another 100% capacity. This way the system is implemented
pay-as-you-go style.

Figure 10: LCD dsiplays hours since the last bill was paid, percentage of power left and instantaneous current
going to each family

The system also includes several over and under voltage safety features, sensor
calibration algorithms (See the Pay As You Go System - Complete Code Appendix) and
over current protection. Should the system fail completely, the relays open as a safety
precaution (they must be powered to be closed). If this happens, Parfait can easily revert
the system to the design that is currently implemented in Alafiarou.
The pay-as-you-go system is easy to install and learn how to use. There are only three
buttons, three switches, and three inputs and outputs. There are two buttons, one each for
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adding another 100% of four weeks of electricity to each family, and a button to interact
with the Arduino for calibration and maintenance purposes. Two of the switches
manually turn off power to each family should Parfait want to expand or fix part of the
system, and the third switch turns off power to the entire system.

Figure 11: System Block Diagram for Pay-As-You-Go System

Pictured in Figure 11 is the system block diagram for the Pay-As-You-Go system. The
distribution center is complete and is planned to be installed in August of 2016.

34

The Complete System Block Diagram
Figure 12 shows the complete system block diagram with the Pay-As-You-Go system
integrated into the design that is already installed in Benin. The below diagram was our
hope for a complete system and we have successfully implemented every feature and
address all challenges we outlined.

Figure 12: Complete Block Diagram of the System
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Economics
Table 1: Cost Breakdown of the System

Item

Cost

4 x 200W Solar panels

$760

4 x 100Ah Batteries

$600

50 x LED Light Bulbs

$165

Cell Chargers

$30

Charge Controller

$150

Circuit Breakers

$50

Wire, junction boxes and disconnects

$400

Miscellaneous (nails, concrete…)

$50

Distribution Center

$80

Total

$2285

The most important consideration for our microgrid was its affordability. Indeed, the
electricity provided needed to be cheap enough that the villagers could afford it. We
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quickly realized that the villagers would not be able to afford to pay for the entire grid in
one go, so we decided to pay for it and install it, with the money generated monthly going
towards paying back the system. As shown in Table 1, the total cost of the system came
out to $2,285, and at $0.90 per light bulb per month, the system is paid back in 4 years
and 3 months.
In order to ensure and accelerate the electrification of neighboring communities,
however, the Miller Center for Social Entrepreneurship, that funded the microgrid, agreed
to not take any of this money back. Instead, the money paid by the villagers every month
is deposited into a bank account and this money can be used for the maintenance of the
existing system and its expansion.

Impact and Outcome
Through this research plan, we are optimistic that our successful completion of the
project has had an important socially and environmentally positive impact. Specifically,
in the community in Benin, our microgrid brought reliable lighting and cell phone
charging, significantly improving the daily lives of its people, and increasing their overall
productivity.
Our design eliminates the need for kerosene lamps and other inefficient forms of lighting
currently being used. This reduces the overall amount of toxic fumes generated for
lighting, further improving the health of the community. Cell phones are crucial to this
community, and our design gets rid of lengthy commutes for the charging of such
devices.

Conclusion
Our work provides justice for the people of Alafiarou. Alafiarou is a village of extreme
poverty, and had been promised the enabling powers of electricity for so long without
delivery, diminishing their hopes of ever being recognized or being relevant. This project
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brought justice to their community and has showed that electrification of their village is
more than possible.
Finally, the application of this project extends beyond just Alafiarou. If it is possible to
empower this one village, then it is entirely possible to expand to others. This project
does not just benefit Alafiarou, but proves that any community can be equally
empowered should there be a need for it. No longer will electricity be restricted to those
who can afford being connected to the nation’s grid, nor will it be a feature of just those
who are privileged enough to be connected to it. The microgrid proves that any
community can benefit and thrive from electrification.

Bibliography and Literature Review
Early research for our project taught us that its importance could not be underestimated.
The fact that so many people are still without access to reliable electricity has many
negative implications for the communities and their country. It is an essential step
towards the development of a country. While our project did not involve inventing
anything new, the consequences of its successful completion improved a large number of
people’s lives.
It was crucial for our team to fully understand the importance of our project when
attempting to convince various sources, such as the Miller Center for Social
Entrepreneurship, to fund our project. Indeed, in our funding proposal we included a lot
of the following sources in order to demonstrate how important our project was. We were
successful since we were awarded full funding for the project, including travel costs. The
sources taken from RenewableEnergyWorld.com and the “Power and Energy” magazine
were especially helpful for this.
It has been extremely important for us to conduct research on all the ethical implications
of our project. For this reason, we have not only done research on papers, articles and
journals but have also had to reach out to organizations that have taken on similar
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projects in order to understand some mistakes they might have committed when carrying
out their designs. For example, after talking to different organizations, we were able to
understand how to communicate with people about the sensitive topic of payment and
gained a better understanding of to how much they might be willing to pay. One
organization told us that getting people to pay for the system is simple after getting the
village’s “chief” involved. Every month, someone walks around the houses to collect the
money owed and if they refuse to pay, the system is uninstalled from the house and the
chief can get involved.
Additionally, cost is the most important factor to the success of our system. This is why it
was important to design a control system for the grid that can efficiently allocate energy
according to loads and consumer behavior. It was a relief to find papers that have already
attempted to create such management systems since we will be able to apply them to this
specific application.
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Appendices
Appendix A: Pay-As-You-Go System - Complete Code
#include <LiquidCrystal.h>
#include <Time.h>
#include <TimeAlarms.h>
/* pin IO */
#define FAM1RELAYPIN 6
#define FAM2RELAYPIN 5
#define RESETFAM1PIN 3
#define RESETFAM2PIN 2
#define BUTTON 13

// Pin switches the relay that controls family 1's power
// Pin switches the relay that controls family 2's power
// Pin triggers ISR to reopen relays and or add AH to family 1
// Pin triggers ISR to reopen relays and or add AH to family 2

#define SAMPLEBURST 300.00000
// Takes 300 imediate samples for an average sample
#define AHLIMIT 500
// AH limit that triggers the relays
/* Globals */
int nthMinute = 1;
float totAH1 = 0, totAH2 = 0;
// TotAH is total AH used per family per billing cycle
float ACSFAM1V = 0, ACSFAM2V = 0; // ACSFAMV is the calibrated 0A signal voltage for ACS712
float thisAH1 = 0, thisAH2 = 0;
unsigned int hoursFam1 = 0;
// Keeps track of number of hours that has passed by
unsigned int hoursFam2 = 0;
bool relayFam1 = HIGH;
bool relayFam2 = HIGH;
/* Function declarations*/
void minuteUpdate();
/* Values here update every minute */
void hourUpdate();
/* Values here update every hour*/
void currentAmpHour();
/* Gets this hour's AH used by each family */
void getInstantAmps(float *instantAmps1, float *instantAmps2); /* Measures instantaneous current used by each family */
void resetFam1();
/* triggered by family 1's reset button */
void resetFam2();
/* triggered by family 2's reset button */
void calibrate();
/* Calibrates ACS712 sensors */
void debugSamplePrint(float instantAmps1, float instantAmps2); /* Prints values to monitor */
// initialize the library with the numbers of the interface pins
LiquidCrystal lcd(7, 8, 9, 10, 11, 12);
void setup() {
analogReference(DEFAULT);

// Set up 5V reference for ACS712

pinMode(A0, INPUT);
// 1st family's sensor
pinMode(A1, INPUT);
// 2nd family's sensor
pinMode(FAM1RELAYPIN, OUTPUT);
// Relay control for family 1
pinMode(FAM2RELAYPIN, OUTPUT);
// Relay control for family 2
pinMode(RESETFAM1PIN, INPUT_PULLUP);
// ISR AH reset for family 1 (ISR)
pinMode(RESETFAM2PIN, INPUT_PULLUP);
// ISR AH reset for family 1 (ISR)
pinMode(BUTTON, INPUT_PULLUP);
// Enter pin

// Arduino UNO's ISR pins are 2 and 3 ONLY!
// These are button presses that reset the AH each family has used once they've paid
attachInterrupt(digitalPinToInterrupt(RESETFAM1PIN), resetFam1, FALLING);
attachInterrupt(digitalPinToInterrupt(RESETFAM2PIN), resetFam2, FALLING);
// set up the LCD's number of columns and rows:

40

lcd.begin(20, 4);
delay(1000);
calibrate();

// Let the Arduino warm up for a second
// Calibrate the ACS712 Sensors

//setTime(12,00,0,5,6,16);
Alarm.timerRepeat(60, minuteUpdate);
Alarm.timerRepeat(3600, hourUpdate);

// Set time to 12:00pm on May 6, 2016
// Call minuteUpdate Every minute (60s)
// Call hourUpdate Every hour (3,600s)

digitalWrite(FAM1RELAYPIN, HIGH);
digitalWrite(FAM2RELAYPIN, HIGH);

// Turn on power for family 1
// Turn on power for family 2

lcd.clear();
lcd.setCursor(4, 0);
lcd.print("Initialized");
lcd.setCursor(0, 2);
lcd.print("Wait for measurement");
}

void loop() {
Alarm.delay(0);
}

// Necessary for TimeAlarms.h to function properly

/* Values here update every minute */
void minuteUpdate() {
currentAmpHour();
// Measure the amps each family is using after every minute
nthMinute++;
// Update minute counter
}

/* Values here update every hour */
void hourUpdate() {
totAH1 += thisAH1;
// Update the total AH used by each family with by the current
totAH2 += thisAH2;
// AH being used at the end of every hour
thisAH1 = 0;
// Now that an hour has passed, reset vals to 0 to remeasure this AH
thisAH2 = 0;
hoursFam1++;
// Increase the hour counter to show how long the billing cycle has been
hoursFam2++;
nthMinute = 1;
// And also reset the minute
if(totAH1 >= AHLIMIT) {
// If the family has used too much electricity, open their relay
relayFam1 = LOW;
digitalWrite(FAM1RELAYPIN, LOW);
}
if(totAH2 >= AHLIMIT) {
relayFam2 = LOW;
digitalWrite(FAM2RELAYPIN, LOW);
}
}

/* Gets this hour's AH used by each family */
void currentAmpHour() {
float instantAmps1 = 0, instantAmps2 = 0;
getInstantAmps(&instantAmps1, &instantAmps2);
thisAH1 = (thisAH1 + instantAmps1) / nthMinute;
thisAH2 = (thisAH2 + instantAmps2) / nthMinute;

// instantAmps is the instantaneously measured amps each family uses
// Measure the current being used be each family
// Make a running average of all the other minutes
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debugSamplePrint(instantAmps1, instantAmps2);

// Print out the new values

}

/* Measures instantaneous current used by each family */
void getInstantAmps(float *instantAmps1, float *instantAmps2) {
volatile int count;
float fam1sample = 0, fam2sample = 0;
// getsfam1amps returns the instantaneous amps of family 1
// getsfam2amps returns the instantaneous amps of family 2
for (count = 0; count < SAMPLEBURST; count++) {
// Get 300 samples of each family's sensor
fam1sample += analogRead(A0);
// Read from 1st ACS712
fam2sample += analogRead(A1);
// Read from 2nd ACS712
delay(3);
// Let the sensors settle for 3ms
}
*instantAmps1 = ((fam1sample / SAMPLEBURST) * (5.00 / 1024.00) - ACSFAM1V) / 0.066;
*instantAmps2 = ((fam2sample / SAMPLEBURST) * (5.00 / 1024.00) - ACSFAM2V) / 0.066;
if(*instantAmps1 < 0)
*instantAmps1 = 0;
if(*instantAmps2 < 0)
*instantAmps2 = 0;

// Family 1 average
// Debug if amps is negative
// Family 2 average
// Debug if amps is negative

}

/* triggered by family 1's reset button */
void resetFam1() {
noInterrupts();
// Prevent all other ISRs
if(relayFam1 == LOW) {
// If the family isn't getting power
totAH1 = 0;
// Reset the totAH to 0
hoursFam1 = 0;
relayFam1 = HIGH;
digitalWrite(FAM1RELAYPIN, HIGH); // Electrify the family again
}
if(relayFam1 == HIGH)
// If the family is getting power
totAH1 -= AHLIMIT;
// Subtract the AH they've paid for from
interrupts();

// Resume all other ISRs

}

/* triggered by family 2's reset button */
void resetFam2() {
noInterrupts();
// Prevent all other ISRs
if(relayFam2 == LOW) {
// If the family isn't getting power
totAH2 = 0;
// Reset the totAH to 0
hoursFam2 = 0;
relayFam2 = HIGH;
digitalWrite(FAM1RELAYPIN, HIGH); // Electrify the family again
}
if(relayFam2 == HIGH)
// If the family is getting power
totAH2 -= AHLIMIT;
// Subtract the AH they've paid for from
interrupts();

// Resume all other ISRs

}
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/* Gets the 0A signal voltage of the ACS712 sensors. Nees this to calibrate equation */
void calibrate() {
volatile int count, i, j;
float fam1sample = 0, fam2sample = 0;
lcd.print("Sensor Calibration");
lcd.setCursor(0, 1);
lcd.print("1. Disconnect load");
lcd.setCursor(0, 2);
lcd.print("2. Press when ready");
lcd.setCursor(0, 3);
lcd.print(" to start...");
while(digitalRead(BUTTON) != 0);
lcd.clear();
lcd.setCursor(1, 1);
lcd.print("Calibrating ACS712");
lcd.setCursor(3, 2);
lcd.print("Please wait...");

// wait

for (count = 0; count < SAMPLEBURST * 50; count++) { // Get SAMPLEBURST samples from each sensor
fam1sample += analogRead(A0);
// Read from 1st ACS712
fam2sample += analogRead(A1);
// Read from 2nd ACS712
delay(3);
// Let the sensors settle for 3ms
} // Loop ends after ~50s to get a better average
/* Explaining calibration equation: When the load != 0A, the equation to convert the
* signal voltage to amps is amps = famavg * (5.00 / 1024.00)) - ACSFAMV) / 0.066
* where famavg is the running average of all the samples taken by the ACS712 over time
* but since during calibration the load is 0A (i.e. amps = 0), this equation reduces to
* ACSFAMV = famavg * (5.00 / 1024.00) Therefore the returned value for ACSFAMV should
* yeild 0A when plugged into the amps equation. famavg = (famsaple / SAMPLEBURST) -Jacob*/
ACSFAM1V = (fam1sample / (SAMPLEBURST * 50)) * ((float) 5 / 1024);
ACSFAM2V = (fam2sample / (SAMPLEBURST * 50)) * ((float) 5 / 1024);
// Print the calibrated values for each ACS712 sensor
lcd.clear();
lcd.print("Sensor1 0A signal:");
lcd.setCursor(0, 1);
lcd.print(ACSFAM1V, 5);
lcd.print(" volts");
lcd.setCursor(0, 2);
lcd.print("Sensor2 0A signal:");
lcd.setCursor(0, 3);
lcd.print(ACSFAM2V, 5);
lcd.print(" volts");
for(j = 15; j >= 0; j--) { // begin countdown
lcd.setCursor(18, 3);
lcd.print(j);
if(j < 10) {
lcd.setCursor(19, 3);
lcd.print(" ");
}
delay(1000);
// every second
}
lcd.clear();
lcd.print("Calibration success!");
lcd.setCursor(0, 1);
lcd.print("1. Reconnect load");
lcd.setCursor(0, 2);
lcd.print("2. Press to begin");
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while(digitalRead(BUTTON) != 0);

// wait

}

/* Prints samples of each measurement*/
void debugSamplePrint(float instantAmps1, float instantAmps2) {
lcd.clear();
lcd.print(" | Fam 1 | Fam2 ");
lcd.setCursor(0, 1);
lcd.print(" Hrs| ");
lcd.print(hoursFam1);
lcd.setCursor(13, 1);
lcd.print("| ");
lcd.print(hoursFam2);
lcd.setCursor(0, 2);
lcd.print("%Left| ");
lcd.print(100 * (1 - totAH1 / AHLIMIT), 0);
lcd.print("%");
lcd.setCursor(13, 2);
lcd.print("| ");
lcd.print(100 * (1 - totAH2 / AHLIMIT), 0);
lcd.print("%");
lcd.setCursor(0, 3);
lcd.print(" Amps| ");
lcd.print(instantAmps1, 3);
lcd.setCursor(13, 3);
lcd.print("| ");
lcd.print(instantAmps2, 3);
}
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